Four semi-dwarf rices (Oryza sativa L.) differing in percentage of grain protein, grown in a flooded field receiving basal N fertilization, had a peak activity of root glutamate dehydrogenase 4 weeks after transplanting. A lower peak occurred during panicle formation 10 weeks after transplanting. 
While carbohydrates in the rice grain2 (Oryza sativa L.) result mainly from photosynthesis after flowering, protein N in the grain is considered by physiologists to be derived mainly from the N already present in the vegetative tissues at flowering (8, 16) . Among the vegetative tissues of the rice plant the leaf blades have the highest N content (8, 16) . Previous studies at the International Rice Research Institute (IRRI) showed that the developing grains of lines with high percentages of protein had higher amounts of free amino acids than their low protein counterparts (2, 4) . In lines with high percentage of grain protein the sap entering the panicle generally contained larger amounts of free amino acids than the sap in low protein lines (2) . That indicates a faster breakdown and translocation of leaf N to the developing grains of lines with high percentage of protein (6, 7) .
Our study of five rice varieties and lines showed that the mean protease activity of leaf blades was higher at flowering and during grain development in rices with high yields of grain protein (6 centages and amounts of leaf N from booting to flowering than rices with low yields of grain protein, and more N translocated from the leaves to the developing grains (7) . A high protein concentration in leaf blades at booting and flowering was associated with a greater decrease in amount of leaf N during grain development and with a high level of soluble protein and protease (7) . Wheats with a high percentage of grain protein have been reported to translocate leaf N more efficiently to the developing grains than low protein wheats (10) . Protease activity in the leaf is also higher in wheats with high grain protein than in low protein wheats (23) .
Four semi-dwarf rices were grown under flooded field conditions and periodically studied for N distribution and biochemical factors affecting N metabolism. The rices differ in percentage and yield of grain protein.
MATERIALS AND METHODS
Seeds of IR8, IR480-5-9, IR160-27-3, and IR1103-15-8 (Table I) were steeped in water for 12 hr, germinated for 2 days, and grown in a wet bed nursery for 3 weeks. The seedbed was flooded completely 3 days before transplanting. The seedlings were transplanted in duplicate 42-m' Agronomy department plots, two seedlings per hill spaced 20 X 20 cm apart, in a flooded field with 120 kg/ha N applied basally in the 1972 dry season. Duplicate two to three hills (not adjacent to missing hills) per plot were sampled weekly, including roots, before 9 AM from 2 weeks after transplanting to maturity. The samples were washed, divided into large tillers, small tillers, and roots. The large tillers were separated into active leaf blades (second fully expanded leaf from the top [27] ), other leaf blades, leaf sheaths and culms, and panicles. Dry matter and micro-Kjeldahl N (HgO-K,SO, catalyst) (11) were determined for all the plant parts. Brown rice protein was calculated from Kjeldahl N by multiplying by 5.95 (11) .
All enzymic assays on vegetative tissues were done on fresh samples except protease, which was done on freeze-dried developing grains and active leaf blades. For the assay of soluble glutamate dehydrogenases 1 to 1.5 g of fresh tissue were frozen and pulverized in the presence of Dry Ice and ground in the presence of 1 g of acid-washed sea sand (E. Merck) with 4 (24) .
Sections of leaf blades, leaf sheaths, or roots (about 1 cm long, 0.5 g) were directly assayed for nitrate reductase by the method of Jaworski (9): incubation with 10 ml of 0.1 M phosphate buffer, pH 7.5, with 5% I-propanol and 0.02 M KNO2 in the presence of two drops of 0.05% chloramphenicol for 2 hr. A 1-ml portion was mixed with 0.3 ml of % sulfanilamide in 3 N HCl and 0.02% N-1-naphthylethylenediamine HCl for 20 min and absorbance was read at 520 nm. NR activity was expressed in ,umoles of nitrite formed/hr-g fresh tissue.
Free amino acids were extracted from fresh IR480 roots 4 weeks after transplanting by homogenizing in hot 80% ethanol and analysis of the extract was done by a Beckman amino acid analyzer (2) .
Protease activity was determined on ground freeze-dried leaf blades (0.2 g) by extraction for 2 hr at 4 C in 6 ml of 0.01 M phosphate buffer, pH 7.5, containing 1 Leucine-U-'4C incorporation was done on two sets of 15 leaf discs, 4.5 mm in diameter, representing 10 leaf blades, using the procedure of Cruz et al. (4) . The leaf discs were incubated with shaking at 37 C for 2 hr with 2 ml of amino acid mixture (0.25 ,tmole each) containing 1 ,uc of leucine-U-'4C (4) after vacuum infiltration of the discs by evacuating the vials three times for a total time of 5 min. The leaf discs were then washed at 0 C three times for 5-min periods, with 10-ml portion of 1.0 M phosphate buffer, pH 7.4, and soaked overnight in 3 ml of 0.1 M NaOH. The leaf protein was isolated and its radioactivity was determined according to the method of Cruz et al. (4) . Activity was expressed in nmoles of leucine/ hr* g fresh weight.
Enzymic assays were also done on developing grains at the milky stage. The leucine-U-'4C incorporation assay on developing grains was essentially the method of Cruz et al. (4) except that the grains were dissected lengthwise through the dorsiventral axis before incubation. Preliminary studies showed that dissection increased the incorporation rate 2-to 3-fold. Activity was expressed in terms of nmoles of leucine/hr g fresh weight.
Protease activity was determined on freeze-dried rice powder according to the method of Cruz et al. (4) . Soluble protein N was determined by the method of Lowry et al. (13) , total N by micro-Kjeldahl analysis (11) , and free amino N as described by Cruz et al. (4) but using a modified ninhydrin reagent (15) .
RESULTS
Nitrogen Uptake. The rices had similar dry matter production (Table I ). The maximum amounts of N per hill of all four samples were also similar ( Fig. 1 ). The IR480 line had the shortest growth duration and a higher percentage of grain protein than IR8 (Table I ). The IR480 and IR160 lines had similar grain yields as IR8. By contrast, the IR1103 line showed a higher percentage of protein but a lower grain yield than IR8. It produced fewer panicles per hill than IR160 and had lighter grains than the other rices. Regardless of grain yield and percentage of grain protein, all four rices yielded similar amounts of grain protein per hectare.
Uptake of N in all samples was most rapid from the 3rd to the 6th week after transplanting. After that N uptake dropped (Fig. 1 ). Root N was not included in the reported N value because of the difficulty of recovering all the roots in the older plants. The IR1 103 line showed a lower rate of N uptake than IR8 but it reached about the same maximum amount of N per hill as the other samples by harvest.
GDH3 activity per gram of fresh tissue in the 3-week-old seedlings was higher in the roots than in the leaf blades (Table  II) . The mean specific activity of GDH in the four samples was 1235 nmoles of NADH/minmg protein in roots, 71.2 in leaf sheaths, and 4.24 in leaf blades. Similar results were reported by Kanamori et al. (12) . Hence, GDH activity was measured mainly in the roots of subsequent samples. Roots showed maximum GDH activity 4 weeks after transplanting in the four samples, coinciding with the period of rapid N uptake (Fig. 1) . GDH activity decreased linearly after 4 weeks from transplanting but showed a second lower peak 10 weeks after transplanting.
Amino acid analysis of the ethanol extract from IR480 roots 4 weeks after transplanting showed 3-fold molar ratio of glutamate to aspartate and slightly more than 3-fold ratio of glutamine to asparagine. The glutamine-glutamate molar ratio was 1.6 and the asparagine-aspartate ratio was 1.3, indicating that a major portion of the glutamate produced by GDH was converted to glutamine by glutamine synthetase. Oji and Izawa (18) 
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seedlings at transplanting was higher in leaf blades than in leaf sheaths and roots (Table II) . Oji and Izawa (17) found a lower specific activity of NR in roots than in shoots of 4-week-old seedlings grown for 3 weeks in nutrient solution containing nitrate N. Leaf NR activity decreased rapidly after transplanting ( Fig. 1) during the period of nitrogen uptake. Only IR1 103 showed a significant increase in NR activity during grain development about 9 weeks after transplanting. Root NR activity was low and dropped to zero by 10 weeks after transplanting (Fig. 1) .
Nitrogen Translocation. The N concentration in the active leaf blades reached a maximum 4 weeks after transplanting for all samples (Fig. 2) after which it dropped progressively. Similar results were obtained for IR8 by Yoshida and Ahn (29) . This period of maximum N concentration in active leaf blades coincides with maximum GDH activity of roots (Fig. 1) . Tillering started during this period. That may explain the drop in percentage of N in the large tillers due to translocation to the new tillers. Maximum tillering occurred 5 to 6 weeks after transplanting. The N level in the active leaf blades was similar in the four samples from transplanting except during the period shortly before and after the panicle initiation stage in which the IR480 line had higher values than IR8 (Fig. 2) (Fig. 2) . The high N content of IR480 and IR160 lines was due mainly to their lower content of dry matter than IR8 up to 2 weeks after panicle initiation (Fig. 2) . However, the four rices accumulated similar dry matter at harvest (Table I) Flowering occurred 3.6 weeks after panicle initiation for IR8 and 3.4 weeks for the IR480 line. After flowering the IR480 line showed a greater decrease in percentage of N of active leaf blades than IR8. All samples continued to lose leaf N even 3 weeks after heading when panicle N was already constant, presumably due to continued leaf senescence (19) . The IR480 line, however, showed the greatest loss of leaf N shortly before harvest because of its fast leaf senescence. Leaf N at harvest was 0.76% for IR8, 0.35% for the IR480 line, 0.62% for the IR160 line, and 0.60% for the IR1103 line. However, the flag leaf of the four rices had similar ribulose 1 , 5-diphosphate carboxylase activities at flowering and photosynthetic rates 1 week after flowering (C. M. Perez, unpublished data).
In the vegetative stage the leaf blades generally had 3 times as much N as the leaf sheaths plus culms. During grain development, however, leaf blade N was depleted while the N of leaf sheaths plus culms remained essentially constant.
That indicated that the leaf blades were the main source of leaf N translocated to the developing grains (16) . The small tillers accounted for a mean of 12% of total leaf N in IR8 from 4 weeks after transplanting to harvest, 7% in the IR480 line, 11% in the IR160 line, and 14% in the IR1103 line.
The N content of the small tillers at maturity was 2% of total leaf N in all rices except in the IRI 103 line where it accounted for 35% of total leaf N.
Rate of leucine incorporation at flowering tended to decrease with an increase in percentage of N of active leaf blade, whereas protease activity tended to increase (Table III) . These two properties were highly correlated (r =-0.999**). Leaf properties related to N metabolism were not correlated with percentage of grain protein (Table I) , since the IRi 103 line had similar leaf properties to those of IR8 although this line had the highest percentage of protein. Among the three rices with similar grain yield, the slower rate of protein synthesis and the higher protease level of the leaf blades in IR480 as compared to IR8 may account for the greater rate of breakdown and translocation of leaf N as amino acids to the developing grains and the higher percentage of protein of IR480.
GDH activity of the roots was higher in the IR480 and IR160 lines than in IR8 at flowering. It was not related to percentage of total and soluble protein N of root (Table III) .
The properties of the developing grains at the milky stage (1 to 1.5 weeks after flowering) were correlated with the differences in percentage of grain protein among the four samples regardless of grain yield (Table IV) 
DISCUSSION
Nitrogen Uptake and Translocation. The N in the plant is mainly in protein form and the ratio of protein N to free amino N is constant in the rice plant during the vegetative stage (19) . The four rices in this study differing in percentage of grain protein have similar rates of N uptake. The rices had similar amounts of N per hill at all times ( Fig. 1) but only the IR480 line had significantly higher percentage of leaf N than IR8 immediately after panicle initiation because its dry weight -was lower than that of IR8 (Fig. 2) . In a previous study IR480 had both higher amount and percentage of N in leaf blades than IR8 (7) . Hence, leaf N analysis cannot be used for screening rice seedlings for percentage or yield of grain protein.
The principal difference among the rices studied having similar grain yield but differing in percentage of grain protein was that the rice with high protein yield, IR480, translocated leaf blade N to the developing grains more efficiently than IR8.
More efficient translocation in rices with high percentage of grain protein must be due to a high concentration of free amino acids in the sap which is being translocated to the developing grains (2) rather than to differences in translocation rates, since similar amounts of sap were collected in the low and high protein lines at the midmilky stage (2) . Furthermore, wheat plants differing in percentage of grain protein had similar efficiencies of translocation of '4C-labeled amino acids to the panicle (14) .
Johnson et al. (10) found similar levels of leaf N in low and high protein wheats. They also concluded that rate of uptake of N in wheats with high percentage of grain protein is similar 
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to that of low protein wheats but they translocate more leaf N to the developing grain.
Biochemical Factors Affecting Nitrogen Uptake. GDH activity in the seedlings at transplanting was high in both roots and leaves and NR activity was noted in both organs (Table  II) . Since the soil in the seedbed was only flooded 3 days before transplanting, nitrate N may have been present in the soil and may have explained the low NR and GDH activities in the leaf blades which convert nitrate to glutamate via NH4'. The low NR activity even in the seedlings may be explained by the reported inhibition of NR by NH,' (25) . In an earlier experiment with 4-week-old seedlings from low and high protein rices grown in seedbeds at field capacity, we found that total GDH and NR activities of leaf blades and total GDH activity of roots were positively correlated with the total N content of the three uppermost fully exserted leaf blades (7) .
After transplanting, the increase in GDH activity of roots and the decrease in NR activity of leaf blades are consistent with NH,' being the main source of N in plant grown in flooded soil. Root GDH activity is induced and increased by NH,+ in rice seedlings (12) . The increase in root GDH activity closely followed N uptake by the plants. The decrease in activity during tillering may have been due in part to the dilution of the root samples from the large tillers by those of the small tillers. Although GDH bound to mitochondria has also been reported in rice roots, soluble GDH had been shown by Kanamori et al. (12) to predominate and to be more sensitive to NH,' supply.
The low NR activity in leaves may reflect the trace amount of nitrate found in rice leaves. The decrease in NR activity in roots with the growth of the rice plant is consistent with the shift of the site of NR activity with plant growth from roots to leaf blades, considering that nitrate is not as toxic to plants as NH,+ which had to be detoxified immediately upon uptake in the roots by reductive amination of a-keto acids. Evidently root GDH is a more important enzyme in N uptake by flooded rice than leaf NR. In contrast, in unflooded crops, such as wheat, NR it the key enzyme (3). Leaf NR activity was highest during the pericd of rapid N uptake at the tillering stage in rice plants grown in culture solution containing nitrate N (17) .
The growth duration of the IR480 line was shorter than that of IR8 (Table I) (21, 28) . The higher percentage of N and faster rate of N depletion in leaf blades of the IR480 rice as compared to IR8 were associated with a slower rate of protein synthesis (as indexed by the rate of leucine incorporation) and with a higher protease activity (Table III) . Both factors contribute to faster protein degradation in leaf blades of the IR480 rice. Earlier studies, however, indicated that peak protease activity occurs earlier, at the booting stage, in contrast to rate of protein synthesis which peaked at flowering in the flag leaf and the active leaf, after which it decreased (7) . Hence, the slowing of protein synthesis coincided with the decrease in leaf N content. Singh et al. (26) also reported that older leaves at flowering incorporated less '5N-labeled (NH4)2SO4 into protein than younger leaves. These differences in N translocation rates had no effect on photosynthetic rates and RuDP carboxylase activities of the four rices.
Protein accumulation in the developing grain is also under hormonal control (21, 28 (20) and higher amino N levels in the culm and leaf sheaths and the panicles (19) .
Differences in growth duration and grain yield among the four rices studied complicated the interpretation of the results. The study will be repeated as soon as lines from the same crosses differing mainly in percentage of grain protein become available in our breeding program.
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